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Abstract 
 
The full-potential linearized augmented plane wave method with the generalized gradient 
approximation for the exchange-correlation potential (FLAPW-GGA) is used to predict the 
electronic and elastic properties of the newly discovered superconducting nanolaminate 
Ti2InC. The band structure, density of states and Fermi surface features are discussed. The 
optimized lattice parameters, independent elastic constants, bulk and shear moduli, 
compressibility are evaluated and discussed. The elastic parameters of the polycrystalline 
Ti2InC ceramics are estimated numerically for the first time.  
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1. Introduction 
        The layered ternary carbides and nitrides with the general formula 
Mn+1A(C,N)n (the so-called nanolaminates [1], where M are d transition metals, 
A - p elements belonging to the groups III - VI, and n = 1, 2 and 3) have gained 
recently considerable attention as “functional ceramics” owing to a unique 
combination of metallic and ceramic properties including high strength and 
stiffness at high temperatures, resistance to oxidation and thermal shock, as well 
as high Young’s moduli, low hardness and ultra-low solid friction coefficients, 
see [1-8].  
         Furthermore, for some nanolaminates (of the general formula M2AC, also 
known as ‘‘MAX’’ [9], “H” or “211” phases), low-temperature 
superconductivity was discovered. Until recently Mo2GaС (ТС ~ 3.7 ÷ 4.1K) 
[10], Nb2SС (ТС < 5K) [11], Nb2SnС (ТС ~ 7.8K) [12], and Nb2AsС (ТС ~ 2K) 
[13] superconductors were known; for some of them the features of their 
electronic band structure were elucidated using the density functional 
calculations [13-15]. 
 
 
 
 
 
 
      Quite recently, superconductivity with the critical temperature ТС ~ 3.1K was 
reported for the nanolaminate Ti2InС [16]. This material belongs to the family of 
the mentioned H phases and adopts the Cr2AlC –type hexagonal structure (space 
group P63/mmc) which consists of rocksalt-like TiC layers separated by atomic In 
sheets. 
        In the present work, we have performed first-principles calculations of the 
newly discovered superconducting nanolaminate Ti2InC in order to predict its 
elastic and electronic properties. As a result, the optimized lattice parameters, 
independent elastic constants, bulk and shear moduli, as well as the electronic 
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band structure, density of states and Fermi surface are evaluated and discussed. In 
addition, numerical estimates of the elastic parameters of the polycrystalline 
Ti2InC ceramics are performed for the first time.  
 
2. Computational method 
           The Ti2InC nanolaminate crystallizes in the Cr2AlC - type crystal 
structure, with the unit cell containing two formula units, and the atoms occupy 
the Wyckoff positions: Ti: 4f {(1/3, 2/3, z), (2/3, 1/3, z+1/2), (2/3, 1/3,–z), (1/3, 
2/3,–z+1/2)}; In: 2d {(1/3, 2/3, 3/4), (2/3, 1/3, 1/4)} and carbon:  2a {(0, 0, 0), (0, 
0, 1/2)}, where z is the so-called internal parameter, see [1,9]. 
     Our calculations were carried out by means of the full-potential method with 
the mixed basis APW+lo (FLAPW) implemented in the WIEN2k suite of 
programs [17]. The generalized gradient approximation (GGA) to exchange-
correlation potential in the PBE form [18] was used. The plane-wave expansion 
was taken to RMT × KMAX equal to 7, and the k sampling with 10×10×4 k-points in 
the Brillouin zone was used. The calculations were performed with full-lattice 
optimizations; the self-consistent calculations were considered to be converged 
when the difference in the total energy of the crystal did not exceed 0.01 mRy as 
calculated at consecutive steps. 
 
3. Results and discussion. 
3.1. Structural and elastic properties. 
      Firstly, the equilibrium lattice parameters for the nanolaminate Ti2InC were 
calculated. These values (аcalc =3.1373 Å, ccalc =14.1842 Å and the internal 
parameter z = 0.0783) are in reasonable agreement with the available experiment 
[16]: the divergences ((аcalc - аexp)/аexp = 0.0046 and (ccalc - cexp)/cexp = 0.0088) 
between the calculated and experimentally observed parameters should be 
attributed to the well known overestimation of structural parameters for GGA 
calculations. 
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      Secondly, the values of five independent elastic constants (Cij, namely C11 
=273.4 GPa, C12 = 62.9 GPa, C13 =50.3 GPa, C33 = 232.3 GPa and C44 =87.2 GPa, 
while C66 = ½ (C11 - C12)) were evaluated by calculating the stress tensors on 
different deformations applied to the equilibrium lattice of the hexagonal unit 
cell, whereupon the dependence between the resulting energy change and the 
deformation was determined; see [19-21] for details. All these elastic constants 
are positive and satisfy the well-known Born’s criteria for mechanically stable 
hexagonal crystals: C11 >0, (C11 - C12) >0, C44 >0, and (C11 + C12)C33 - 2C122  > 0. 
      The calculated elastic constants allowed us to obtain the macroscopic 
mechanical parameters of Ti2InC, namely its bulk (B) and shear (G) moduli, 
which were calculated using the Voigt (V) [22] and Reuss  (R) [23] 
approximations. These values were: BBV = 122.9 GPa, BRB  = 117.0 GPa and GV = 
97.0 GPa, GR =96.2 GPa. 
       The above elastic parameters were obtained from first-principle calculations 
of the Ti2InC monocrystal. Meanwhile, the majority of the synthesized and 
experimentally examined samples of the nanolaminate Ti2InC were prepared and 
investigated as polycrystalline ceramics [16,24-26], i.e. in the form of aggregated 
mixtures of microcrystallites with a random orientation. Thus, it is useful to 
estimate the elastic parameters for the polycrystalline Ti2InC ceramics. 
       For this purpose we utilized the Voigt-Reuss-Hill (VRH) approximation. In 
this approach, according to Hill [27], the two above mentioned approximations 
(Voigt and Reuss) were used. In this way, when the bulk modulus (BBVRH) and the 
shear modulus (GVRH) were obtained from BV,RB  and GV,R using the VRH approach 
in simple forms as: BVRH = ½ (BBV + BRB ) and GVRH = ½ (GV + GR), the averaged 
compressibility (βVRH = 1/BBVRH) and Young’s modulus (YVRH) were calculated 
from the expression: 
VRHVRH
VRHVRH
VRH GB
GBY += 3
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       Then, the Poisson’s ratio (ν) was obtained for the polycrystalline Ti2InC 
from BVRH, GVRH and YVRH as: 
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Here we should point out that our estimations were made in the limit of zero 
porosity of Ti2InC ceramics. The above-mentioned parameters listed in Table 1 
allowed us to make the following predictions. 
      (i). From our results we see that for Ti2InC BBVRH > GVRH; this implies that a 
parameter limiting the mechanical stability of this material is the shear modulus 
GVRH. 
      (ii). According to the criterion [35], a material is brittle if the B/G ratio is less 
than 1.75. In our case B/G ~ 1.3, therefore these materials will behave in a brittle 
manner. 
       (iii). The bulk, shear and Young’s moduli for Ti2InC are rather small as 
compared with other related nanolaminates Ti2AC (where A are p elements of 
III-VI groups) and are much smaller than for the cubic TiC (see Table 1), 
whereas the compressibility of Ti2InC (βVRH ~ 0.00834 1/GPa) adopts the 
maximal value. Thus, as compared with other Ti2AC phases, Ti2InC is a 
relatively soft material. 
        (iv). The values of the Poisson ratio (ν) for covalent materials are small (ν = 
0.1), whereas for ionic materials a typical value of ν is 0.25 [36]. In our case, the 
value of ν for Ti2InC is about 0.19, i.e. a considerable ionic contribution in intra-
atomic bonding should be assumed for this nanolaminate. Besides, for covalent 
and ionic materials, the typical relations between bulk and shear moduli are G ≈ 
1.1B and G ≈ 0.6B, respectively. In our case, the calculated value of GVRH/BBVRH is 
0.80, which also indicates that the mixed ionic-covalent bonding is suitable for 
Ti2InC. 
        (v). To evaluate the elastic anisotropy of Ti2InC, the so-called anisotropic 
factor A = C33/C11 was calculated. Here the value A= 1 represents completely 
elastic isotropy, while values smaller or greater than 1 point to the degree of 
elastic anisotropy. Other estimations follow from anisotropy factors of 
compression (Acomp= {(BBV - BRB )/(BBV + BRB )}·100%) and shear (Ashear= {(GV - 
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GR)/(GV + GR)}·100%) [37]. For the isotropic crystals, the values of Acomp and 
Ashear are equal to zero, whereas the value 100% means the maximal anisotropy. 
Our calculations show that C33/C11 = 0.85, Acomp = 2.4% and Ashear = 1.1%. This 
means that the nanolaminate Ti2InC will exhibit small elastic anisotropy. 
 
3.2. Electronic properties. 
       Figure 1 displays the calculated band structure of Ti2InC along some high-
symmetry directions of the Brillouin zone (BZ) in the energy range from -15 eV 
to +5 eV. In the regions about -14 eV and -11÷ -10 eV below the Fermi level 
(EF), the low-dispersive In 4d and C 2s-like bands are located, whereas occupied 
valence bands are in the interval from -8.6 eV to EF. The valence and conduction 
bands overlap considerably and there is no band gap at the Fermi level, which is 
indicative of metallicity of this material. It is also seen that three bands intersect 
the Fermi level (one band around K to M, and two bands around A to M), which 
points out to a multi-band character of this system. An interesting feature is a 2D-
like behavior of quasi-flat electronic bands along the c axis (from L-M and from 
K-H). It shows that the interactions between the adjacent layers in the 
nanolaminate Ti2InC are relatively small. 
       The corresponding Fermi surface (FS) in the first BZ is shown in Fig. 2. 
Owing to the quasi-two-dimensional electronic structure, the Fermi surface 
consists of two main sheets centered along the Г-A high symmetry line, i.e. 
parallel to the kz direction. The first sheet is cylindrical-like, and the second sheet 
adopts a prismatic-like form. Finally, the 3D ellipsoid-like sheets are centered at 
the K point. 
As electrons near the Fermi surface are involved in the formation of the 
superconducting state, it is important to understand their nature. The total and 
atomic and orbital decomposed partial DOSs are shown in Fig. 3. It is seen that 
the Fermi level lies in a local DOS minimum, reflecting the separation between 
the bonding and antibonding states. The total DOS at the Fermi level (N(EF) 
=1.223 states/(eV·form.unit)) is formed mainly by Ti 3d states (0.971 states 
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/(eV·form.unit)), while the admixtures of In and carbon states are much smaller 
(about 0.001 ÷ 0.035 states /(eV·form.unit)). The same feature, i.e. the dominant 
role of transition metal d states in the near-Fermi region, was found also for other 
superconducting nanolaminates [13-15]. Finally, the obtained data also allow us 
to estimate the Sommerfeld constant (γ) for Ti2InC assuming the free electron 
model γ = (π2/3)N(EF)k2B. The calculated value is γ = 2.883 mJ·K ·mol . B -2 -1
 
4. Conclusion 
       Employing the first principles FLAPW-GGA approach, we have studied the 
elastic and electronic properties of the newly discovered superconducting 
nanolaminate Ti2InC. 
       Our analysis shows that the nanolaminate Ti2InC is a mechanically stable 
material with small elastic anisotropy; the parameter limiting its mechanical 
stability is the shear modulus. In addition, Ti2InC is a relatively soft material with 
high compressibility and will behave in a brittle manner. 
      The band structure calculations reveal a 2D-like behavior of the quasi-flat 
electronic bands along the c axis. Therefore  the interactions between the adjacent 
layers in the nanolaminate Ti2InC are rather small. 
       The near-Fermi bands involved in the formation of the superconducting state 
are formed mainly by Ti 3d states, while the admixtures of valence states of 
indium and carbon sublattices are much smaller. 
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Table 1. Calculated bulk modulus (B in GPa), shear modulus (G in GPa), Young’s 
modulus (Y, in GPa), and Poisson’s ratio (v) of Ti2InC compared with available data 
for other nanolaminates Ti2AC and TiC. 
 
system B G Y ν 
Ti2InC  123/117 (124) ** 97/95 (96) (228) (0.184) 
Ti2SC [28] 181 134 322 0.200 
Ti2GaC [29] 140 130 282 0.165 
Ti2AlC [30] 144 118 277 0.19 
Ti2SnC [31] 159 114 275 0.212 
Ti2TlC [32] 125 - - - 
Ti2GeC [33] 163 - - - 
Ti2PbC [33] 140 - - - 
Ti2PC [33] * 163 - - - 
Ti2AsC [33] * 175 - - - 
Ti2SiC [33] * 167 - - - 
TiC [34] 240 - 447 0.19 
* hypothetical phases. 
** in Voigt / Reuss approximations and for polycrystalline ceramics - in parentheses. 
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Figure 1. Electronic bands of Ti2InC 
 
Figure 2. (Color online) Fermi surface of Ti2InC 
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Figure 3. (Color online) Total  and partial densities of states of Ti2InC. 
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